environmentally friendly organic semiconductors that can be easily fabricated and tuned has inspired scientists to design self-assembling peptide nanostructures with enhanced semiconducting characteristics. Recently designed bioinspired peptide semiconductors display various supramolecular morphologies with diverse optical and electrical properties, including intrinsic fluorescence, which facilitates realtime detection and quantitative assessment of the self-association process without a need for external conjugation. These assemblies have also been studied for their potential use in ferroelectric-related devices and ultrasensitive electrochemical sensors. In addition to their low-cost fabrication and structural diversity, bioinspired self-assembling peptide semiconductors may serve as candidates for advanced interdisciplinary functional nanostructures. Promotion of the design principles of peptidebased supramolecular materials is thus of great interest for both scientific and engineering development.
ADVANCES: Short peptides, specifically those containing aromatic amino acids, can selfassemble into a wide variety of supramolecular structures that are kinetically or thermodynamically stable; the representative models are diphenylalanine and phenylalanine-tryptophan. Different assembly strategies can be used to generate specific functional organizations and nanostructural arrays, resulting in finely tunable morphologies with controllable semiconducting characteristics. Such strategies include molecular modification, microfluidics, coassembly, physical or chemical vapor deposition, and introduction of an external electromagnetic field. Density functional theory simulations have revealed that extensive, directional aromatic interactions and hydrogen-bonding networks lead to the formation of quantum confined domains within the nanostructures, underlying the molecular origin of their intrinsic semiconductivity. These computational studies provide a conceptual framework for the tunability of the semiconductivity of a peptide assembly, and also demonstrate the feasibility of theoretical probing of the mechanisms leading to band gap formation and the subsequent design of building blocks with desired electronic properties. Recent studies have further elucidated some remarkable physicochemical features of the bioinspired supramolecular semiconductors, including absorption spectra characteristic of one-dimensional quantum dots or two-dimensional quantum wells, photoluminescence emission in the visible spectrum, optical waveguiding, temperature-dependent electrical conductivity, ferroelectric (piezoelectric, pyroelectric) properties, and electrochemical properties useful in ultrasensitive detectors and ultracapacitors.
OUTLOOK: Semiconductive materials are at the foundation of the modern electronics and optics industries. Self-assembling peptide nanomaterials may serve as an alternative source for the semiconductor industry because they are eco-friendly, morphologically and functionally flexible, and easy to prepare, modify, and dope. Moreover, the diverse bottom-up methodologies of peptide self-assembly facilitate easy and cost-effective device fabrication, with the ability to integrate external functional moieties. For example, the coassembly of peptides and electron donors or acceptors can be used to construct n-p junctions, and vapor deposition technology can be applied to manufacture custom-designed electronics and chips on various substrates.
The inherent bioinspired nature of selfassembling peptide nanostructures allows them to bridge the gap between the semiconductor world and biological systems, thus making them useful for applications in fundamental biology and health care research. Short peptide self-assemblies may shed light on the roles of protein semiconductivity in physiology and pathology. For example, research into the relationship between the semiconductive properties of misfolded polypeptides characteristic of various neurodegenerative diseases and the resulting symptoms may offer opportunities to investigate the mechanisms controlling such ailments and to develop therapeutic solutions. Finally, self-assembling short peptide semiconductors could be used to develop autonomous biomachines operating within biological systems. This would allow, for example, direct, label-free, real-time monitoring of a variety of metabolic activities, and even interference with biological systems.
▪
Semiconductors are central to the modern electronics and optics industries. Conventional semiconductive materials bear inherent limitations, especially in emerging fields such as interfacing with biological systems and bottom-up fabrication. A promising candidate for bioinspired and durable nanoscale semiconductors is the family of selfassembled nanostructures comprising short peptides. The highly ordered and directional intermolecular p-p interactions and hydrogen-bonding network allow the formation of quantum confined structures within the peptide self-assemblies, thus decreasing the band gaps of the superstructures into semiconductor regions. As a result of the diverse architectures and ease of modification of peptide self-assemblies, their semiconductivity can be readily tuned, doped, and functionalized. Therefore, this family of electroactive supramolecular materials may bridge the gap between the inorganic semiconductor world and biological systems.
A lthough widely used in many fields, conventional inorganic semiconductors have several shortcomings, such as the requirement for relatively complex crystal growth and the use of toxic metals (1, 2) . Organic polymeric semiconductors overcome some of these disadvantages, but several issues-including weak oxidation stability or sustainability, a narrow color spectrum, the demand for heavy metal doping, and, in some cases, complicated synthesis procedures-still impede their operational aspects and commercial manufacture (3). Supramolecular organic organizations, such as the self-assembly of phthalocyanines (4-6), have been recognized as potential alternatives. However, their nonbiological nature presents obstacles for advanced technological applications such as interfacing of electronic devices with living systems, electroactive tissue engineering, and the development of imaging agents (7) .
Bioinspired supramolecular chemistry can allow for a better interface between the semiconductive and biological worlds. In particular, simple peptide building blocks with the intrinsic ability to self-assemble into ordered nanostructures emerge as promising candidates ( Fig. 1) (8, 9) . The ample constituents, various morphologies, precise molecular structures, and biomolecular recognition endow the peptide self-assemblies with diversified physicochemical features. Integration with external semiconductive subunits, such as perylene imide moieties (10) (11) (12) (13) (14) , can yield selfassembled products with tunable morphologies and enhanced semiconductivity. In addition, with the intrinsic advantages of ease of preparation and flexibility of structure-function modulation, these bioinspired materials can be used in biotechnological and medical fields.
Recent studies have revealed that several natural protein aggregates possess intrinsic semiconductive optical properties (15) . Kaminski et al. demonstrated that when excited at 405 nm, the assemblies of misfolded proteins associated with neurodegenerative disorders can exhibit intrinsic fluorescent emission (16, 17) . This label-free autofluorescence allows quantitative assessment of the kinetics of amyloid fibrillar formations, eliminating the need for extrinsic labeling, which might result in steric hindrance and other perturbations during aggregation (16) .
Self-assembled structures made of very short peptides, including fragments of such amyloidogenic proteins, may also have intriguing semiconductive properties because their band gaps are comparable to those of conventional materials (18) . Furthermore, their bioderived nature and rigid self-assembly (19, 20) can minimize the potential cytotoxicity of the building blocks (21) , demonstrating the biocompatibility of the supramolecular structures. Enantiomers determine the enzymatic sensitivity (L-type) or resistance (D-type) of self-assemblies (22) , thus underlying their controllable biosustainability. Also, the weak reducibility of the amino acids implies the strong oxidation stability of the supramolecular structures (23) . By virtue of their simple and low-cost synthesis, as well as their ease of modulation relative to their larger counterparts, these selfassembled peptide semiconductors may serve as candidates for advanced interdisciplinary functional nanostructures (24, 25) .
Short peptides can form diverse nanostructures
Semiconductive properties are highly dependent on material morphology (26) . Consequently, the numerous nanostructures formed by the selfassembly of short peptide building blocks can give rise to versatile semiconductive features (27) .
The most studied short peptides that selfassociate into semiconductive nanomaterials are aromatic short peptides (27) . Diphenylalanine (FF), a minimal aromatic dipeptide derived from the b-amyloid (Ab) self-assembling polypeptide (22) , forms abundant self-assembling semiconductive architectures (27) (28) (29) . Different methodologies have been used to investigate and facilitate the self-assembly of FF and its derivatives. One approach is the use of different solvents, in which FF was shown to self-assemble into distinct nanostructures ( Fig. 2A ) (30) (31) (32) .
FF self-assemblies can be further directionally aligned. For example, FF nanotubes can be orderly arrayed in an external field as a result of induced polarization within the nanostructures (Fig. 2B ) (33, 34) . In addition, different morphologies, including vertically aligned arrays, centrosymmetric pattern assemblies, spoke-like patterns, and ordered adjoining microrods, can be formed from a hexafluoroisopropanol solution of FF by controlling solute convection ( Fig. 2B) (33, 35, 36) . Notably, all of these superarchitectures share the same crystallographic lattice structures, implying a simple strategy to prepare complicated nanostructures by controlling the dewetting process of the FF solution (35) . The nanoarrays can also be manufactured by physical vapor deposition (PVD) of FF powders ( Fig. 2C ) (37) , allowing for further modulation of dimensional parameters such as morphology (nanotubes or nanowires), arraying density, and aspect ratio (38) (39) (40) .
The dimensions of FF nanotubes are more directly affected by the concentration (41) . Using microfluidics to fine-tune differential local environments, the concentration-dependent growth and shrinkage of FF nanotubes can be detected in real time (Fig. 2D, top) (42) .
A coassembly strategy can be used to generate additional morphologies (25) . Coassembly of FF and FFF (tri-phenylalanine) can form diverse nanostructures in a ratio-dependent manner, because FFF generates a negative curvature where its bulky hydrophobic side chains are more closely packed and avoid exposure to water molecules (43) . Therefore, increasing the percentage of FFF can modulate the coassemblies from hollow to solid morphologies. As a result, toroid nanostructures, a rarely reported supramolecular structure, can be formed when the FFF ratio is 0.167 to 0.33 (43) . In addition, coassembly of FF and tert-butyloxycarbonyl-FF (Boc-FF) can modulate the FF nanotube elongation, with the length decreasing as the Boc-FF molar ratio increases, thus providing a controllable nanotube length distribution (Fig. 2D , bottom) (44) .
Chemical conjugation can provide another effective approach for the modulation of FF selfassembly (25) . Specifically, the terminal groups can be modified with diverse functional moieties (45) (46) (47) (48) (49) (50) (51) , resulting in a propensity of FF to selfassemble into various nanostructures (29) . For example, Boc-FF initially forms nanospheres, then nanofibers, and finally evolves to well-crystallized nanotubes (47) . In addition to the backbone termini, the side chains of FF can be modified, with a remarkable impact on the self-assembly. In particular, substitution of the phenyl rings with nucleobases generated a new family of bioinspired building blocks-peptide nucleic acids (PNAs) (52)-which can self-associate into well-organized entities coordinated by both Watson-Crick hydrogen bonding and aromatic stacking. For example, in guanine-cytosine (GC di-PNA) plate-like crystals, the hydrogen bond length between symmetry-related bases is~2.9 Å, consistent with typical Watson-Crick base pairs, and the base distance is~3.5 Å, the same as in DNA doublehelix structures (53) .
Mechanisms underlying semiconductivity
An understanding of the self-assembly mechanisms and associated microscopic molecular structures of the short peptide nanostructures is required in order to elucidate the basis of their semiconductive properties. Several studies have revealed that the dimers, which function as quantum dots (QDs), serve as the elementary building blocks of FF self-assembly (54) . The aggregation process can undergo a series of supramolecular phases and is driven by T-shaped aromatic stacking in combination with interpeptide head-to-tail and peptide-water hydrogen-bonding interactions (55) . The self-assembly results in the formation of porous nanotubular crystals (56) , with pores consisting of an amide backbone "tube" surrounded by six "zipper-like" aromatic interlocks each composed of two diphenyls (Fig. 3A ) (57) . This interlocking can induce the p-electrons to delocalize during self-assembly. The assemblydisassembly process (i.e., the phase transformation between QDs and nanotubes) can be reversed by controlling the solution conditions, such as the peptide concentration or the solvent (54, 55) . The "zipper-like" aromatic interlock structures are the molecular basis of the quantum confined structures, thus underlying the semiconductivity of FF assemblies.
The self-assembly of peptides containing nonaromatic residues cannot be derived from aromatic interlocking interactions (15 
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Plate-like crystals properties of this kind of nanostructure result from the electronic levels in the peptide bonds that become available through backbone-backbone hydrogen bonds in the secondary structures (58) . The intrinsic fluorescence of amyloid nanofibers in the visible spectrum arises from the transfer of protons from hydrogen bonds among b sheets (59) . As a result of this transfer, the proton can exist at either the N or C terminus of strands between adjacent b sheets, thus creating a doublewell ground-state potential that can avoid the potential energy intersection with the excitation state and promote the red shift of the exciton transition (59) . These localized proton-transfer regions, combined with the N and C termini of strands between adjacent b sheets, constitute the quantum confined structures underlying the molecular origin of semiconductivity (Fig. 3B) . Thus, the prerequisite for short peptide selfassembling semiconductors is that the driving forces, including aromatic interlocks and hydrogen bonding, decrease the band gaps down to the semiconductive region. Consequently, the semiconductivity of the superstructures can be tuned by controlling the driving forces. For instance, density functional theory calculations demonstrated that when replacing FF with FW (phenylalanine-tryptophan), reinforced aromatic interactions and more compact molecular interstitial regions enhance the conductivity by a factor of 5 relative to FF assemblies (60), with a decline in the band gap from 3.25 eV to 2.25 eV (Fig. 3C) (61) . Moreover, increasing the water molecule hydrogen bonding in the channel cores by increasing the relative humidity can split and redshift the photoluminescence peak of FF nanotubes, leading to increased band gaps (62) .
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The nano-sized quantum confined structures of short peptide self-assemblies result in structuredependent optical characteristics attributable to the strong Coulomb interaction between highly confined electrons and holes, which can lead to the formation of an exciton with specific absorption and luminescence (25, 63) . For example, spike-like absorbance spectra are observed for FF nanotubes (54) and Boc-FF nanospheres (48) , indicating that zero-dimensional QDs exist in the assemblies. Calculations have demonstrated that the radii of the QDs formed by FF and Boc-FF molecules are approximately 1.65 and 1.3 nm, respectively, implying that the QDs are composed of two monomers (54) . In contrast, the absorption spectra of Fmoc-FF nanofibrillar hydrogels exhibit a pronounced step-like absorption pattern, accompanied by a peak at the long-wavelength edge derived from the strengthened Coulomb interaction of excitons-a characteristic of twodimensional quantum well confinement structures (64).
Photoluminescent properties
Short peptide self-assembling semiconductors also have intriguing photoluminescent properties. For example, when excited at 255 nm, FF nanotubes show fluorescent emission, with one band at the near-ultraviolet (centered at 290 nm) and the other in the visible region (350 to 500 nm) (65) . The FF tubular nanoarrays that form quantum well confinement structures can emit blue fluorescence when excited at 340 to 380 nm (Fig.  4A) , an advantageous feature for backlight display applications such as light-emitting diodes (66) . Notably, the photoluminescence is easily controlled, showing enhanced intensity with increasing thickness (67) or decreasing temperature (65) . Another interesting example is GC di-PNA crystals, where the introduction of further aromatic interactions and hydrogen bonding via Watson-Crick base-pairing results in broad-spectrum emission in the visible region, showing red-edge excitation shifts from 420 to 684 nm (Fig. 4B) (53) .
Doping has been shown to be a highly effective approach for enhancing the properties of semiconductors (68, 69) . When complexed with zinc ion, tryptophan-phenylalanine self-assembling nanoparticles (NPs) emit blue fluorescence at 423 nm after excitation at 370 nm ( Fig. 4C) (70) . The quantum yield is calculated to be~12%, versus only 9% for the native NPs. Notably, the doped NPs show better photostability than traditional organic fluorescent dyes and better biocompatibility than inorganic QDs, exhibiting a narrow photoluminescence spectrum and superior stability against pH and temperature (70). Furthermore, when functionalized with the mucin 1 (MUC1) aptamer or doxorubicin, the doped NPs can be used to target cancer cells, allowing realtime imaging and monitoring of drug release (70) .
The delocalized p-electrons of aromatic systems and free proton transfer of hydrogen bonds during self-assembly indicate that peptide supramolecular semiconductors can transmit photons by continuous emission along the axis under excitation, allowing them to serve as optical waveguides (28) . For example, when focusing an excitation of 330 to 380 nm to one end of a cyclo-FF platelet crystal, a guided blue light is emitted from the other end (Fig. 4D) , and the emission can be modified to other wavelengths by incorporating various dyes (71) , implying a potential use of short peptide self-assemblies in applications such as light harvesting (solar cells) and energy transfer (optical cables).
Conductive properties
Another key feature of semiconductors is their increasing electrical conductivity upon temperature elevation, opposite to classical conductors (72) . For example, the cyclo-FF crystallized nanowires exhibit increased electric conductivity, from 1.5 nA to~5.0 nA at a voltage of 10 V, as the temperature increases from 273 K to 387 K (73) .
The self-assembly morphology can have a marked influence on conductance. The superstructures self-assembled by AAKLVFF, an Ab-derived heptapeptide, can affect the conductivity, with long and straight nanofibers being the most conductive; as the assemblies become shorter or curved, the resistance increases (74) . In addition, the side-chain groups, especially aromatic moieties, can also affect the conductivity, exhibiting improved conductive performance upon incorporation of non-natural 2-thienylalanine [(2-Thi)(2-Thi)VLKAA] (75). Further studies demonstrate that both protons and electrons can function as charge carriers, revealing a hybrid current transport mechanism in the nanofibers (75) . This hybrid behavior leads to a bimodal exponential dependence of the conductance on the relative humidity, with a crossover point at relative humidity of ∼60% (75) . Below the crossover point, both electrons and protons contribute to the conduction, with the latter contribution persisting even under vacuum conditions. Above the crossover point, proton transport becomes the dominant mode, with much higher dependence on relative humidity (75) . Both the conduction and the exponential dependence on relative humidity are affected by the extent of folding of the peptide network, demonstrating that the fully folded nanofibers displayed higher conductance (75) .
Ferroelectric properties
The directional hydrogen-bonding and aromatic interaction networks demonstrate that the selfassembling peptide nanostructures have a specific alignment of dipoles (76), which can produce spontaneous polarization underlying their intrinsic ferroelectric properties (76, 77) . For example, the FF self-assembling nanotubes have unidirectional-handed helical -NH 3+ ··· -OOC hydrogen-bonding dipoles within the noncentrosymmetric crystal (Fig. 5A, top) , and hence exhibit a partial switch of polarization along the hexagonal axis under a sizable coercive field lattice (Fig. 5A, bottom) (77) . Furthermore, a lightinduced Stark effect can be observed, leading to a reduction in the intensity of the polarization field due to the variation in the hydrogen bonds, wherein the saturated polarization-electric field loops can be obtained at a lower coercive field (4.28 V) by combining the action of light during the hysteresis loop measurements (Fig. 5B) (77) . In particular, the excellent reproducibility of the photoresponsive cycles of ferroelectricity in FF nanotubes can allow the design of optical rewritable multistate memories.
The temperature-dependent change in the spontaneous polarization of the self-assemblies can produce pyroelectricity (78) . A recent study using laser pulse illumination to control the temperature discovered a remarkable temperaturedependent pyroelectric activity of FF microtubes (Fig. 5C ). The pyroelectric coefficient was found to be~2 mC m
, comparable to that of conventional inorganic semiconductive pyroelectrics such as AlN or ZnO (79) . The surface charges generated in response to an external stress of the assemblies can yield piezoelectricity (78) . Analysis of the in-plane (d 15 ) shear piezoelectric effect of FF nanotubes has shown the effective d 15 coefficient of a tube ≥200 nm in diameter to be comparable to that of LiNbO 3 , the classical inorganic transducer (80) . The lateral signal calibration yields sufficiently high effective piezoelectric coefficient values of at least 60 pm V −1
; by contrast, the piezoelectric coefficient of sclera collagen, 20 pm V −1 , is the highest known for a biomaterial (80) . In addition, the FF nanotubes demonstrate linear deformation without irreversible degradation in a broad range of driving voltages up to 16 V, potentially facilitating their use as nanoscale piezoelectrics in various biotechnological and medicinal applications.
In the presence of an external electric field, the vertical FF microrod arrays can be organized on a substrate (81) . The arrays offer improved piezoelectric properties, showing uniform polarization in two opposite directions, with the effective piezoelectric constant d 33 reaching 17.9 pm V −1 . Therefore, these microrod arrays can be used to Tao fabricate a power generator (Fig. 5D ) whose power density substantially exceeds that of similar devices (Fig. 5E) , with open-circuit voltage of 1.4 V and power density of 3.3 nW cm −2 ( Fig. 5F ) (81). The induced polarization illustrates that peptide self-assemblies can be directionally aligned on electrodes by an external electric field, such as that used in dielectrophoresis. In particular, the efficiency of binding of the nanostructures to the substrates can be measured by the impedance increase between the electrodes, resulting from changes in the electric field lines and current distribution (82) . This can allow the fabrication of sensitive and versatile sensors based on peptide self-assemblies (83) . For example, self-assembling nanotubes formed by the bola-amphiphilic peptide bis(N-a-amidoglycylglycine)-1,7-heptane dicarboxylate were trapped in the gap between adjacent electrodes by positive dielectrophoresis (84). After conjugating sheep polyclonal antibody to herpes simplex virus-2 (HSV-2), a high-sensitivity, label-free pathogen detection sensor chip was fabricated. This chip can detect HSV-2 at a concentration of <10 2 pfu ml −1 within 1 hour (84). Furthermore, this bioinspired chip is able to quantitatively target multiple pathogens by conjugating the corresponding antibodies, hence offering multiplexed detection capabilities and cost-effective reusability along with outstanding sensitivity (85) . When integrating a peptide with a high affinity to lead ions (Pb 2+ ), the nanotubular sensor configuration can efficiently detect, immobilize, concentrate, and metallize ultralow levels of Pb 2+ (86) .
Ultrasensitive peptide-based devices
Because electron transfer between spatially aligned aromatic systems can promote electric conductivity, FF nanotubes can increase the sensitivity of coated electrochemical electrodes (87) . The biomodified electrochemical sensory platform can therefore exhibit nonmediated electron transfer, short detection time, large current density, high stability, and reproducibility for antigen detection (88) . Such a biosensor enabled a sensitive determination of glucose (detected substrate) by monitoring the hydrogen peroxide produced via hydrolysis of glucose by the conjugated glucose oxidase (GOx, antenna) (Fig. 6A) . Moreover, when integrated with ethanol dehydrogenase (antenna), the marked electrocatalytic activity toward NADH (reduced nicotinamide adenine dinucleotide) enabled sensitive detection of ethanol (detected substrate) (88) . Similarly, the extended functional surface area facilitated the use of an electrode modified with FF tubular nanoarrays as an ultrasensitive biosensor, with phenol detection sensitivity exceeding that of a native electrode by a factor of 17 and higher sensitivity relative to electrodes modified with carbon nanotubes (89) .
Energy-storage properties
The FF vertical nanoarrays can also increase the effective activation area of the modified electrodes and enhance the electric conductivity (37, 90) , showing a cyclic voltammogram curve of a typical double-layer capacitance (Fig. 6B, top) (37) . Thus, the charge-discharge process of the modified electrodes is purely electrostatic and the current is independent of the applied potential (Fig. 6B, bottom) . The critical factor allowing the electrolyte ions to easily accumulate on the modified electrode surface is a wetting process by aqueous electrolytes in the nanoscale hydrophilic channels inside the nanotubes (Fig. 3A ) (90) . These findings demonstrate the potential of FF nanoarrays as high-capacity ultracapacitors for fast charging in energy storage applications, such as batteries for mobile devices and electric vehicles.
Future perspectives
Extensive studies have revealed that semiconductive features are inherent properties of some peptide-based nanostructures, exhibiting notable physicochemical characteristics that can allow the development of bioinspired entities into functional materials. Because they are eco-friendly, morphologically and functionally flexible, and easy to prepare, modify, and modulate, these supramolecular nanomaterials can serve as promising alternatives to the widely used inorganic counterparts. The ability to conjugate external functional moieties links the supramolecular materials with conventional organic semiconductors, producing hybrid or extrinsic semiconductors with enhanced performance. As a result of their bioinspired nature, short peptide self-assemblies can be used in biotechnological and medical fields, thus bridging the semiconductor and biological worlds. Yet this field is remarkably interdisciplinary and is still in its infancy. For peptide self-assemblies to become reliable and widely used semiconductors, several challenges still need to be met, including understanding the relationships between nanostructural morphologies and functions, identifying the molecular mechanisms underlying the physicochemical properties, control and doping of the semiconductivity, and conversion from scientific progress to industrial engineering. Studies on short peptide self-assemblies can also shed light on the roles of protein semiconductivity in physiology and pathology, thereby promoting research into the connection between the semiconductive properties of misfolded proteins and degenerative symptoms. Such research would offer opportunities to visually track the
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Current density /μA cm assembly process and investigate the mechanisms controlling neurodegeneration diseases, possibly leading to the development of optimal therapeutic solutions.
In the long term, self-assembling short peptide semiconductors can be used to develop autonomous bio-machines that operate within biological systems in vivo. This may allow, for example, direct, label-free, real-time monitoring and sensing of a wide variety of metabolic activities, as well as analysis of (and possibly interference with) biological systems. It may be possible to alleviate motor disorders, such as epilepsy and Parkinson's disease, by using such semiconductive systems to interfere with neuronal electrical impulses. Such future technologies will have enormous scientific, social, and economic implications.
